Microdialysis is a sampling technique for in vivo analysis. In many cases, the dialyzate collected by a microdialysis probe is assayed by LC'-4, but the time resolution of such an assay is not sufficient for real-time monitoring. Recently, a few attempts have been made to develop an on-line sensing system based on the use of a microdialysis probe in combination with an enzyme electrode5, 6 or an immobilized enzyme reactor.7'8 Such a system makes possible on-line monitoring of metabolism in living tissue. These attempts are well suited for the assay of an analyte in the dialyzate with complex matrixes, because an enzyme can recognize specifically the analyte of interest in the dialyzate. However, such a flow system is not strictly a real-time monitoring process, because of the delay time between sampling and detection. In this research, we prepared a microdialysis enzyme electrode which makes possible real-time and in vivo monitoring. The electrode consists of a platinum fiber working electrode and a silver/silver chloride fiber reference electrode inserted into the tip and in the upper compartment of the dialysis fiber. We also selected glucose electrodes using glucose oxidase as a typical model of the sensor of this type. The measurements were first done by holding stationary a soluble enzyme solution in the probe cavity, and then by the electrode with enzyme layer immobilized on the platinum fiber working electrode. The response characteristics of both electrodes are evaluated below.
Experimental

Reagents and solutions
Distilled water purified with a Millipore Milli-Q system was used throughout.
Glucose oxidase (242 U/ mg of protein, from Aspergillus niger, Type X-S) and bovine serum albumin (BSA, 96 -99% albumin) were from Sigma and were used as received. n-Glucose, glutaraldehyde (20% solution), sodium azide, uric acid, L-ascorbic acid, and 1,2-diaminobenzene were obtained from Wako. Control human sera were obtained from Wako and Ortho Diagnostic System. All other chemicals were of analytical reagent grade. All experiments were carried out in pH 5.5 phosphate buffer containing NaH2PO4 (0.1 M), NaCI (0.15 M) and sodium azide (1 mM). The buffer was balanced with 2 M NaOH. All solutions were prepared with this buffer. Enzyme solutions were prepared by dissolving known weights of glucose oxidase in the same buffer solution (200 µl). Stock solutions used were 100 mM glucose, 20 mM urate, and 20 mM L-ascorbate.
Construction of microdialysis electrode
Microdialysis electrode used in this work was of a design shown in Fig film-coated platinum fiber (50 µm), which was prepared by the electropolymerization of 1,2-diaminobenzene according to the procedure described previously8, were inserted from the upper end of the probe as shown. In addition, another fine fused silica tube (as an outlet) and a silver/ silver chloride (Ag/ AgCI) fiber (50 µm) held into another dialysis fiber to prevent the electrical contact with the platinum fiber, were inserted from the upper end in a similarr manner. The Ag/AgCI fiber was prepared by electrolysis at 0.5 V vs. Ag/AgCI in a saturated sodium chloride solution. The platinum fiber was used as a working electrode and the Ag/AgCI fiber as a reference electrode. Two fine fused silica tubes were glued in the interior of the stainless-steel tubes (o.d. 440 µm, i.d. 220 µm) and the upper end of the probe was sealed completely with epoxy cement. All the parts used for the construction of the probes were gifts from Eicom.
Construction of glucose microdialysis electrode and procedures Glucose microdialysis electrode with soluble enzyme. Prior to use, the microdialysis electrode was filled with the buffer by pumping with a microsyringe pump (Eicom EP-60). The enzyme solution was then infused into the electrode by the similar procedure. The internal enzyme solution was held in the microdialysis electrode throughout the experiment. Glucose microdialysis electrode with immobilized enzyme. Glucose electrode with immobilized enzyme was prepared by cross-linking glucose oxidase and BSA with glutaraldehyde on the poly(1,2-diaminobenzene) filmcoated platinum fiber. The method was as follows. Glucose oxidase (240 U), 10 µl of 10%(w/v) aqueous BSA, and 4 µl of 4%(v/v) solution of glutaraldehyde were added to 25 µl of 0.02 M phosphate buffer (pH 5.5) and mixed well; this enzyme solution was used for the immobilization of enzyme. A poly(l,2-diaminobenzene) film-coated platinum fiber prepared previously was coated with the enzyme membrane, by soaking it in the enzyme solution and by drying for half a day at room temperature. This enzyme modified platinum fiber was used for the construction of glucose microdialysis electrode with immobilized enzyme. Glucose microdialysis electrode with soluble enzyme The dependence of the response on enzyme concentration was first determined. When the concentration of the glucose oxidase solution infused into the fiber electrode was increased from 10 to 1000 units, the response current to 5X10-4 M glucose was increased from 7 to 46 nA. However, the increase was only slight at higher enzyme concentrations, probably because the response was controlled by the rate of diffusion of glucose through the dialysis fiber. An enzyme concentration of 1000 U/ml was selected as the standard concentration for further experiments: On injection of 500 µl of glucose solution into 2 ml of 0.1 M phosphate buffer (pH 5.5) containing 0.15 M NaCI and 1 mM sodium azide, the current rapidly increased and a plateau corresponding to the steady-state response was reached within 10 s. The current was proportional to the concentration of glucose. The calibration graph for glucose was linear from the detection limit (5X106 M) to 1X103 -M; the slope, the y intercept, and the linear correlation coefficient were 92.5 nA mM-1, 0.06 nA, and 0.998. The relative standard deviation for seven replicate measurements was 2.6% for 5X10-4 M glucose.
This type of sensor has the advantages that the life time of the sensor can be extended by infusing in fresh enzyme solution when required and that a variety of sensors can be easily constructed by infusing the solution of the suitable hydrogen peroxide-producing enzymes without tedious immobilization procedures.
Glucose microdialysis electrode with immobilized enzyme
The pH dependence of the electrode response to 2X104 M glucose was examined over the pH range of 5.5 -7.5. The maximum response was obtained at pH 6.5. Therefore, 0.1 M phosphate buffer (pH 6.5) containing 0.15 M NaCI and 1 mM sodium azide was selected for subsequent work. The current was proportional to the concentration of glucose. The sensitivity to glucose was about 83% compared to that of glucose electrode with soluble enzyme. A linear calibration graph for glucose was obtained over 1X106 --2X103 M; the slope, the y intercept and the linear correlation coefficient were 76.8 nA mM-1, 0.12 nA, and 0.998. The limit of detection (signal-to-noise ratio=3) was 1x10-6 M, because of low noise level owing to the presence of enzyme membrane on the platinum fiber. However, the response time (about 50 s) was somewhat slow compared to that for the soluble enzyme electrode, because of the additional diffusion through the enzyme membrane. This sensor could be repeatedly used for 20d.
Glucose assay in human control sera Poly(1,2-diaminobenzene) film coated electrochemically on platinum fiber worked as a size-exclusion film as reported before9 and blocked completely the access of Lascorbate below 0.5 mM in the dialyzate to the platinum fiber surface. Such a permselective characteristic of a poly(1,2-diaminobenzene) film was useful for the selective detection of low molecular weight hydrogen peroxide generated enzymatically for both sensors (with soluble and immobilized glucose oxidase).
Both sensors were used for the assay of glucose in human sera. The measurements were made by immersing each of the two sensors in a measuring vial containing 2 ml of the buffer. After the constant baseline was obtained, 50 µl of sera was added. The results are shown in Table 1 , for both glucose fiber electrodes. Analytical results agreed closely with the manufacturer's data. The precision of the assay was almost the same for both electrodes; relative standard deviation for the repeat measurements (n=7) was 1.7 -3.4% for the assay of glucose in sera. 
